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ABSTRACT
In some AGN, nuclear dust lanes connected to kpc-scale dust structures provide all the
extinction required to obscure the nucleus, challenging the role of the dusty torus proposed
by the Unified Model. In this letter we show the pc-scale dust and ionized gas maps of
Circinus constructed using sub-arcsec-accuracy registration of infrared VLT AO images with
optical Hubble Space Telescope images. We find that the collimation of the ionized gas does
not require a torus but is caused by the distribution of dust lanes of the host galaxy on
∼10 pc scales. This finding questions the presumed torus morphology and its role at parsec
scales, as one of its main attributes is to collimate the nuclear radiation, and is in line with
interferometric observations which show that most of the pc-scale dust is in the polar direction.
We estimate that the nuclear dust lane in Circinus provides 1/3 of the extinction required
to obscure the nucleus. This constitutes a conservative lower limit to the obscuration at the
central parsecs, where the dust filaments might get optically thicker if they are the channels
that transport material from ∼100 pc scales to the centre.
Key words: techniques: high angular resolution – astrometry – galaxies: nuclei – galaxies:
Seyfert – infrared: galaxies.
1 INTRODUCTION
Supermassive black holes are ubiquitous at the centre of galaxies
(McConnell & Ma 2013), but only a fraction of them are actively
accreting in the form of an active galactic nucleus (AGN). Those
supermassive black holes powering an AGN are thought to be
surrounded on scales of a few parsec by a toroidal distribution
of warm molecular gas and dust (hence called “dusty torus”) that
constitutes the reservoir of material that fuels the central engine.
According to the Unified Model of AGN (Krolik & Begelman
1988; Antonucci 1993; Urry & Padovani 1995) the dusty torus
is also responsible for the AGN dichotomy into type 1 (face-on
view, unobscured nuclei with broad and narrow optical emission
lines) and type 2 (edge-on view, obscured nuclei with only narrow
optical emission lines) and for collimating the ionizing radiation.
Evidence for this scenario relies on two compelling results: (i)
spectro-polarimetric observations which reveal the presence of
broad emission lines in some type 2 AGN (e.g. Antonucci & Miller
1985; Kay 1994) and (ii) the observed anisotropy of the nuclear
ionizing radiation field giving rise to conical-shape morphologies
of the narrow-line regions with the cone apex at the nucleus
(e.g. Tadhunter & Tsvetanov 1989; Prieto & Freudling 1993). In
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the obscuration/reflection scenario of Antonucci & Miller (1985),
the ionization cones result from shadowing of the nucleus by an
optically-thick pc-scale torus. Many type 2 nuclei are Compton
thick in the X-rays, a result often interpreted as further evidence
for a pc-scale torus (e.g. Risaliti et al. 1999). However, not always
do type 2 AGN present large X-ray column densities (NH >
1022 cm−2; e.g. Panessa et al. 2009; Bianchi et al. 2012; but see
Burtscher et al. 2015) and high NH can be caused by the host
galaxy seen edge-on (e.g. Ho¨nig et al. 2014).
The torus is expected to be of parsec scales with a clumpy
morphology and be made of cold molecular material, a large
fraction of it being dust particles that due to their proximity
to the nucleus will absorb the UV emission from the accretion
disc and re-radiate it in the infrared (IR; Krolik 1998). Current IR
interferometric observations now feasible for the nearest AGN have
the capability to resolve this structure (e.g. Burtscher et al. 2013).
Instead of the expected geometrically-thick torus, interferometric
observations reveal the presence of a mid-IR pc-scale polar
elongation and a disc-like component perpendicular to the system
axis (i.e. in NGC 1068, Jaffe et al. 2004, Lo´pez-Gonzaga et al.
2014); NGC 424, Ho¨nig et al. 2012; NGC 3783, Ho¨nig et al.
2013 and Circinus, Tristram et al. 2014). Extended mid-IR
emission in the polar direction has been also observed on
scales > 100 pc in the Circinus galaxy and a few other objects
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(e.g. Packham et al. 2005; Ho¨nig et al. 2010; Reunanen et al. 2010).
Although a radiatively-driven dusty wind could explain such
polar-elongated dust structures (Ho¨nig et al. 2012, 2013), these
findings pose a further challenge to the role of the torus in the
framework of the Unified Model and how this disc-like component
plus extended polar dust is able to account for the obscuration
-viewing angle dependent- and the morphology of the ionized gas.
In this letter we provide direct observational evidence that
a dusty torus is not required to explain the collimation of the
conical-like ionized gas structure seen in Circinus. Circinus is
an almost edge-on (∼65 deg) SA(s)b galaxy, considered to be a
prototype Seyfert 2 AGN with a narrow emission line spectrum
(Oliva et al. 1994), polarized broad emission lines (Oliva et al.
1998) and a one-sided ionization cone that extends up to kpc scales
in Hα and [OIII] (e.g. Veilleux & Bland-Hawthorn 1997), ∼60 pc
in X-rays (Smith & Wilson 2001) and ∼30 pc in the coronal line
[SiVII] 2.48 µm (Prieto et al. 2005). The nucleus is Compton-thick
(NH ∼ 4 × 1024 cm−2; Matt et al. 1999) and only visible at
wavelengths λ > 1.6µm (Prieto et al. 2004). At a distance of ∼4
Mpc (Freeman et al. 1977), 1 arcsec corresponds to ∼19 pc.
2 DATA AND ANALYSIS
2.1 IR adaptive optics and HST optical data
Circinus was observed with the adaptive optics (AO) assisted
near-IR instrument Naos-Conica (NaCo; Rousset et al. 2003) at
the ESO Very Large Telescope (VLT) as part of a larger sample
of near and bright AGN. The sample and data reduction have been
described elsewhere (Prieto et al. 2010; Reunanen et al. 2010;
Prieto et al. 2014; Mezcua et al. 2015). For the purpose of this
Letter, we use the 2µm broad-band Ks filter (λc = 2.180µm,
∆λ = 0.350µm) to obtain the near-IR continuum image, as at this
band a maximum contrast between the AGN and the host galaxy is
observed (e.g. Prieto et al. 2010, 2014). The NaCo beam resolution
in the Ks-band is of 0.16 ± 0.02 arcsec.
We use the archival Hubble Space Telescope (HST) broad
I-band image from the F814W filter of the WFPC21 to construct an
extinction map Ks/I or dust map. When there is dust at a location,
I is suppressed there whereas Ks is enhanced relative to other
locations where there is less or no dust. These enhanced regions
show brighter in our Ks/I figure, indicating higher extinction
AV , and take the shape of filaments and lanes, suggesting
these are dust regions. The HST/F814W image corresponds to
the reddest HST optical image available and provides a large
number of common reference sources with the NaCo/Ks-band
image to be used for the image alignment. The registration of the
NaCo/Ks and HST/F814W images is reported in Mezcua et al.
(2015) and was performed using the centroid position of three
reference sources (the nucleus was not used; see Fig. 1, top left
panel) to derive the relative offsets between the images. The
alignment uncertainty is of 30 mas. Using the same procedure, we
register the WFPC2/F502N, WFPC2/F656N and NICMOS/F187N
filter images and their corresponding adjacent continuum to
the NaCo/Ks and HST/F814W images. Five common sources
are used in this image registration. The alignment uncertainties
are of 10 mas, 40 mas and 20 mas for the WFPC2/F502N,
WFPC2/F656N and NICMOS/F187N alignments, respectively.
The [O III], Hα+[N II] and Paα images are then constructed by
1 Wide-Field Planetary Camera 2.
subtracting the adjacent continuum following standard pure-line
extraction procedures.
2.2 Radio observations: the pc-scale radio jet
We searched for sub-arcsec resolution archival radio data of
Circinus with the aim of studying the morphology and orientation
of its radio jet at pc scales. We re-reduced archival 22 GHz data
obtained in March 2005 with the Australia Telescope Compact
Array (ATCA) using the MIRIAD package following standard
procedures. The data were then imaged with robust weighting,
resulting in a 0.37 arcsec× 0.24 arcsec beam oriented at a position
angle (P.A.) of -8 deg. The core of the radio jet of Circinus (central
component in Fig. 2, bottom right) has a flux of 364.5 ± 4.9
mJy. The source is slightly resolved, with a size of 0.74 arcsec
× 0.52 arcsec (measured from the 5σ contour) with an extension
toward the North-West along a P.A. of about -80 deg. This P.A.
is consistent with the direction of the polar emission detected by
mid-IR interferometry (P.A. = -76 deg North to East) and roughly
perpendicular to the nuclear dust emitter (P.A. = 46 deg; Tristram
et al. 2014). Six more blobs are detected above a 5σ level and are
most likely part of the large-scale radio lobes detected at lower
frequencies (e.g. Elmouttie et al. 1998).
3 RESULTS AND DISCUSSION
3.1 The location of the nucleus
The position of the nucleus can be identified as an outstanding
point-like source in the NaCo 2µm Ks-band image, where it
reaches its maximum contrast. This is particularly important for
those galaxies hosting a type 2 AGN, in which the nucleus is
obscured either by a dust filament crossing the nuclear region
(Prieto et al. 2010, 2014) or a pc-scale torus. As a consequence, an
offset between the Ks-band and optical peaks of emission of several
tens of pc is observed. Such IR–optical shift was found for some
Sy2 galaxies (e.g. NGC 1068, NGC 1386 and NGC 7582; Prieto
et al. 2014), including Circinus (Prieto et al. 2004; Mezcua et al.
2015). Here we unambiguously identify the position of the nucleus
of Circinus, revealed as a bright point-like source in the 2µm
K-band images, with a precision of 30 mas. This near-IR nucleus
is found to be shifted by 160 mas ± 30 mas to the peak of I-band
emission, in agreement with the 0.′′15 offset derived by Prieto et al.
(2004) and indicating that the nucleus is clearly obscured at optical
wavelengths (see Fig. 1, middle and right panels).
3.2 Collimation by dust lanes
The nucleus (or 2µm peak of emission) is located behind a dust
filament or lane that extends up to ∼1.5 arcsec (∼30 pc; see
Fig. 1 right panel) forming a horned shape. This horn-shaped
filament appears to delimit the sharp edges of the [O III] cone
of emission as well as the main structure of the cone of Hα
emission (Fig. 2). Additional clumpy Hα emission is detected at a
5σ level outside the cone defined by the horn-shaped filament. This
clumpy Hα emission most likely traces low-level star formation
relatively unobscured by foreground dust, as supported by its
spatial coincidence with clumpy warm molecular H2 1-0 S(1) 2.12
µm line gas emission Northeast of the nucleus (Fig. 2, top middle;
Mezcua et al. 2015). The sharp definition of the edges of the [O III]
cone (Fig. 2, top left) being strictly traced at the vortex region
c© 2013 RAS, MNRAS 000, 1–5
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Figure 1. Left: HST/F814W image with NaCo/Ks-band continuum contours in white. The FoV is 20 arcsec× 20 arcsec. Blue circles mark the position of the
point-like sources used for image alignment. The inner 4 arcsec × 4 arcsec region (blue square) is shown in detail in the next panels. Middle: HST/F814W
image with NaCo/Ks-band continuum contours in white. Right: Ks/F814W flux ratio with NaCo/Ks-band continuum contours in white. The brighter regions
in the Ks/F814W image denote higher extinction and hence dust absorption. The position of the nucleus and its error is marked with a cross in the middle and
right panels. The angular resolution in all panels is that of the NaCo Ks-band (0.16 arcsec).
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Figure 2. Ks/F814W flux ratio with emission line contours of [O III] (top left), Hα in green and warm H2 molecular gas in blue (top middle), [Si vii] (top
right), and Paα (bottom left). The lowest [O III], Hα, H2, and Paα contours correspond to 5σ, while for [Si vii] the lowest contour corresponds to 2σ (to
better match the map of Prieto et al. 2004). The FoV is 4 arcsec × 4 arcsec. The brighter regions in the Ks/F814W images denote higher extinction and hence
dust absorption. The angular resolution of the Ks/F814W images is 0.16 arcsec, that ofH2 is 0.16 arcsec (Mezcua et al. 2015) and that of [Si vii] is 0.19 arcsec
(Prieto et al. 2005). Bottom middle: Chandra X-ray image in the 0.5-7 keV band with a FoV of 8 arcsec × 8 arcsec. Bottom right. ATCA radio continuum
map at 22 GHz. The synthesized beam has a FWHM of 0.37 arcsec × 0.24 arcsec at a P.A. of -8 deg. Contours are plotted as (5, 10, 20, 40, 80) times the
off-source rms of 3.3 mJy beam−1. North is up and East is to the left.
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by the horn-shaped dust lanes indicates that the ionizing radiation
is not necessarily collimated by a nuclear torus but that dust at
scales of a few tens of pc is responsible for the observed cone-like
morphology. If this is the case, a more extended distribution should
be observed in Hα which is less affected by dust extinction, as it
is indeed the case. An even more isotropic distribution is expected
and indeed observed when the ionized gas is traced at the same
∼30 pc scale by much redder emission lines that are not so much
affected by dust extinction (e.g. Paα or [Si vii] 2.48 µm). For
example, the emission in [Si vii] is rather isotropic extending in
rather symmetric form in all directions (Fig. 2, top right). The
Paα emission (Fig. 2, bottom left) is even more isotropic than Hα
and [O III], reinforcing that the latter are strongly shaped by dust
extinction at a few tens of pc. Both the nuclear X-ray emission
(Fig. 2, bottom middle; see also Smith & Wilson 2001) and the
pc-scale radio jet (Fig. 2, bottom right) also extend along the
directions of the ionized gas. The X-ray emission may tentatively
be ascribed to the horn-shaped dust filaments. Still, the angular
resolution in these two spectral regions is insufficient to set up a
preferential direction or morphology.
3.3 Extinction
To test to which degree the nuclear dust lanes contribute to the
obscuration of the nucleus, we estimate the extinctionAV produced
by these dust lanes by measuring the galaxy colours in several
apertures (of 0.1 arcsec radius) in the dusty structure and comparing
them to dust-free regions (of aperture radius 0.1–0.2 arcsec) located
at a distance of ∼3 arcsec (∼ 60 pc) from the centre. We note that
these dust-free regions may still be affected by dust extinction as
we are measuring at the lowest detection level of the detector, thus
we are deriving a lower limit on the AV . The extinction law from
Cardelli et al. (1989) is applied. On the assumption of a foreground
dust screen, which is the most appropriate dust distribution for the
filaments, an extinction of AV & 3 mag is obtained in the dusty
structure at a distance ∼1 arcsec (∼19 pc) from the nucleus and
AV & 6.9 mag closer to the nucleus (at a distance of 0.2 arcsec,∼4
pc). This value is in agreement with previous extinction estimates,
also assuming a foreground dust screen: close to the nucleus, a
lower limit of AV = 6 is derived from J-K extinction maps (Prieto
et al. 2004); AV = 6.3 mag is measured within the central 1.5
arcsec of the stellar component by Maiolino et al. (1998). It should
be noted that with this method we cannot measure the extinction
directly on the nucleus as the colours at the nucleus locations
and immediate surrounding relate to dust emitting at about 2 µm
heated by the AGN. The location of our AV measurements is a
compromise between being the nearest to the centre and still far
for the dust to be heated at the right temperatures to emit at 2 µm;
therefore, the I-K colours should reflect just dust extinction.
Taking AV & 6.9 mag as a face value, we check next
whether this amount of extinction is enough to hide the nucleus of
Circinus in the optical. To that aim, we scale the Seyfert 1 template
from Prieto et al. (2010), also based on subarcsec-resolution
observations, to the mid-IR flux of Circinus measured in the same
work (17.6 Jy at 18.72µm). Assuming a foreground extinction
layer, we estimate that an AV ∼ 20 mag would be needed in
order to obscure the Seyfert 1 template below the upper limit of
1.6 mJy in the J-band derived by Prieto et al. (2010), in agreement
with the silicate optical depth from Tristram et al. (2007) and in
line with the lower limit of AV = 27.2 found by Burtscher et al.
(2015). Thus, the dust traced in our maps is able to explain & 1/3
of the extinction needed to turn a bright Seyfert 1 nucleus into a
Seyfert 2 like Circinus. A thicker absorber at the centre is therefore
needed to completely obscure the nucleus and produce the observed
spectral energy distribution (SED). Still, as indicated before, our
AV estimate is a conservative lower limit; the dust filaments may
get thicker as we approach the centre, in particular if they trace
material flowing towards the centre. We see compelling evidence
for this flow of material through dust filaments and lanes in other
nearby AGN (Prieto et al. 2014; Nadolny et al. in preparation).
Should that be the case, the dust filaments in Circinus must cast
higher AV at the centre. The interferometric mapping of the
central pc indicates already a strong gradient in the silicate-derived
extinction within the 2 pc (the average extinction agrees with our
estimate from the SED): an increasing extinction is seen from the
NW to the SE close to a P.A. = -90 deg (Tristram et al. 2014), i.e.
in line with the Western horn-shaped filament.
3.4 Where is the dusty torus?
We have seen that in the Circinus galaxy the collimation of the
ionizing radiation does not require a pc-scale dusty torus. Instead,
a larger dust distribution that extends up to ∼30 pc is responsible
for collimating the ionizing radiation and hence for shaping the
cone-like distribution of the ionized gas, which is by definition
one of the main attributes of the torus. This larger dust distribution
manifests itself in the form of a nuclear horn-shaped structure in our
extinction maps. This result, together with the result from mid-IR
interferometry that most of the pc-scale mid-IR dust emission
extends in the polar rather than in the perpendicular direction
to the cone (Tristram et al. 2014), questions the presumed torus
(donut-like) morphology, at least at pc scales. A much higher
obscuration than that inferred from the horn-shape dust filaments
is still needed to explain the high levels of obscuration and the
detection of broad emission lines in polarized light. The nucleus
of Circinus at 2 and 5 µm resolves into a slightly elongated
source with a size of 1.9 ± 0.6 pc (Prieto et al. 2004). This
size is in line with that of the interferometric polar direction
component measured at 10 µm (Tristram et al. 2014) and is also
in broad agreement with our measured shift of 3 ± 0.6 pc between
the optical and the IR peaks (Section 3.1). This shift could be
interpreted as the size of the nuclear obscurer. The direction of the
shift is coincident with that defined by the interferometric polar
dust component, but the outer region of the absorber may have
escaped detection by the interferometric observations if it gets
progressively less optically thick outwards. Tristram et al. (2014)
interpret the polar dust component as the true cause of Circinus
nuclear obscuration and call it the torus. We broadly agree with the
interpretation, but associate the obscurer with the innermost parts
of the large-scale (∼30 pc) dust filaments crossing the nucleus, the
horn shape, for the following reasons: 1) the filaments shape the
morphology of the ionization cone (Section 3.2); 2) their width,
∼0.2 arcsec (4 pc; Fig. 2), just fit in the range of the absorber size
discussed above; 3) they could naturally account for the nuclear
obscuration if getting thicker toward the inner parsecs, which is
presumably the case given the strong extinction gradient measured
by the interferometric observations. In addition, no temperature
gradient is observed down to 0.1 pc (Tristram et al. 2014),
which can be easily accommodated with a large-scale obscurer,
filament-like, instead of a torus. Still, the spatially resolved nuclear
structure seen at 2 µm, of 2 pc, indicates that some fraction of the
obscurer gets heated up to high temperatures as approaching the
centre.
The results showed in this Letter therefore explain how an
c© 2013 RAS, MNRAS 000, 1–5
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ionization cone of a few parsecs in size can be shaped by the dust
distribution of several tens of parsec of the host galaxy, instead
of a pc-scale geometrically-thick toroidal structure, demonstrating
that the nuclear obscuration responsible for the type 1/2 AGN
dichotomy does not necessarily arise from the same structure that
collimates the ionizing radiation. If confirmed for a significantly
larger sample -as suggested by additional cases like NGC 3169 or
NGC 7582 (Prieto et al. 2014)- this might imply a revision of the
dust distribution in the torus.
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